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ABSTRACT

Neutron sailf-interrogarion 18 1 proposed
mernod fOr assay Sf p.utonjum 11 Dulk materia.is
witn very hign a.n act:i ity. The simple assay
approach assumes tnat Aaeutron multiplicaticn
for tne :calibration standards 1is tLe same as
tnat for the Dulk .tems Efforts 3 use Dulx
properties to Jdetecrmine Iorrectiols to the cala.-
pration far <changing multiplication have Deen
initiaced. Seif-i1nterrogation assays 2f Dulk
pyrscremical res.dues na.e Ceen performed. Com-
pari1son <1th taqg -aiu@s JDtained Dy Jdifference
Ji-e% pcor agreement. <COompArisan with taq val-
208 Sptained Dy dissciution and Jestructi-e
analysis qives aqgreement at tne 139N (lar .evel
with W80 zOorrectiong for charging package dimen-
A1208 Jr MJTrix amounts. The aqQreement .m-
proves by a facrtor 9f I or more :f & Dulk cor-
recrtion factor i(derived from & pacxaging matr,x
study with standards: i1s appiied.

1. INTRODUCT IOM

I:inci1dence ~gunrning 3f <correlared n
rZns -~at arise (r3m rne spontaneous flssicn
f “re ferriie ,sgd5vt>pes :°

“-
PL4tChiiwR ia an ap-
F-32~N ro rhe Puir assdy 2f platsniam f ¥nown
creamycal form. Al 're platunium mass 10Creas
e -Qutr3a Mu.TiIPLii ACINN rALSAE "he -a,nC:
1 @ signgl abcve rTrne iinear respanie fir 4
Jiven effeciive fa.r.ie "o, et . mass Far
pure merailji- Ola* ™ al. e staganare
fr=m 71s5:5n 4Ny gre mOBTiy “ri @

Trhe nsat, e areg . f oy, @t in Cro
A8n os reaiy st R Ard r ira. .@.tiing 1 "
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*1plircaric:n lacd sern-@ F . a4 _rre@-vi n 'y R
f:r rng .nd,u-e4 figsiL n impsnent M IF-! anqg
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rate. AlthougQn incorrelated. "ne X.a ne.trins

zan Dbe tne source Sf an addit.cnay nduced-
fisg810n componen” Of the reals rate. «hen =ne
material is relatively well :cnaracter.zed :fzr
example. wnen tnhne plutonium .8 .0 pure cx1de
form with a KXnOwn am@ricium -ON%ent'. ~Ne rar,5
5f "Le a.n %o spontaneous-fissisn —omponents -f
tne -otals rave [Tia)-TiSF) 5r al -an e :-3l-u-
iated and used. aicnq with the measured # and
T. to correct (for mulctiplica-ion anad "5 szl.e
tor 240p, off. This approacn® .s appli.ea .nrer -
naticnally and domesticaily i:n rhe -ec:fli:ar,.n
2f Dulr Juantities of nuc.ear maceriails

Most forms Sf plutonjiuwm In sCrap re::.ery
Jperaticng. and many fcrms S piyatoniwm sise-
wnere are impure and poor.y character.ied —rem-

ically si1dues f(rzm rne pyrccnemizal e
“OVery pProcesses Are among “ne Mos" ."stanading
ezampies. Furcnerm~ore. -er%~a:n resi:i.e and

product -sneqgories. such as rne spent sa,"* fr-»
AM@CLC.ium mOolter Sa&.t earraction  MSE:
large amounts Sf ameriZium typ. 41, A
fev-percent range [(s5r 1ow-Burnup maT@rial -
a4 -alues for rneEe maATE@TidlSs Are® "ypP. al_y
-r Jjrearer The result.ng =13 ".~a.4 ~&, ¢
rares -ause FiIF: *5 apprza-n and (e ax se:
RSP

it 8an

Fir such materid8iw. ™ulr.ipli-ar: ceooa
"i3ns Gased n K wnd T veasurem
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of bulk plutonium-bearing materials with high
a,n rates.? Because of the extremmly high neu-
tron rates, the neutron coincidence counting of
high-a.a plutonium bulk residues has not been
possible untii recently with the iantroduction of
fast-counting upgrades® to the traditional ana-
log circuitry used with I4e proportional coup-
ters. The high-level neutron coiacidence count-
er, the HLNC-I[.% is a commercially available
well counter that is appropriately upgraded.
The equivalent upgrades have also been installed
on several of the 1n-line thermal nautromo coun-
ters (TNCs) at the Los Alamos Plutonium Facili-
ty. TA-55. One of these TNCs and an off-line
HLNC-II are currently employeu 2t TA-55 (o an
evaluation of the aeutron sel!-interrogation
approach for the assay of plutoaium in high-a,n
matcerials.

This paper documents the progress of the
evaluation of the SI method for bulk plutonium
assay. The work is the joinrt effort of the Los
Alamos Safeguards Aasay Group and the Plitonium
Metal Technology Group and relies heavily on
the auclear materials processing, characterisza-
tion, and handling capabilities of the research
and development organisation at TA-%5.

I1. SI ASSAY METHODOLOGY

For dulx plutonium-bearing material of rel-
atively constant (flssile deasity aad dimen-
sions, the magnitude of R(IF) is a function of
both the fissile content and the inteusity of
the aeutron source. The totals rate (s a meas-
ure of the neutron source intensity. There-
tore. the ratio R(IF)/T is & Cfunction of the
fissile content. The depeadence of this func-
tion on a decreases as the ratio »f wuncorre-
lated (a,n) to correlated (fission) neutrons in-
creases. Therefore, the fissile conteat of ma-
rterials such &8 rthe spent MSK salts (for which
the &.n neutron rate s typically more than 90%
of the totals rate) can be treated as a simple
function of R(IF)/T, independeat of the a,n
sgurce rerm.

The simple S! assay reqiires & knowledge
nf +we funcriona. ne of these describes the
dependence of the (issile mass 2n R(IF)/T. The
nrher 1escribes the dependence >f R(SF) on rhe
feitile mass. The invetse H»f rthe second f{unc
tion is *he cailbration function for the effec
tive fervile assay nDaved n the measured muylry
plizartion ~orrected) spontanecus fission ceals
rate. foth funcrions an be derermined with
1+ anda:ds, The itetdti.» ause ot ‘*hese func
ti1ons in *he simpie S! assay merhod -an he de
scribed jraphically using Fig. 1. The mes.ired
R T ratiy 1 uged *o obtain & (irst appr:zima
rion ' *he offe-tive fissile nass,
3 *VIPy eff. fiom the Jraph a* *the tight side
0 Fig. i This s .sed *o sclve ot the plurn
nium mae . 3 Py, with the tormula’

TOTALS T = T(SF) + Tl{cx.n) + T(F)
REALS R = R(SF) + R(¥F)

R{F) = R - R(SF)
MULTIPLICATION

R(¥F) ~ n'ﬁu- off
T

" i

_n
/
/
/ —-R(WF;
rd d t
s “SR(SF) '
2 |
o,
{
—_—
14%py, . ot (@) 3%y at1 ()

Fig. 1. Graphic illustration of the simple SI
assay methodology. The plot at the right is the
(measureu) ratio R(IF)/T vs the effesctive fis-
sile plvtorium mass. The plot at the leftr is
the (inferred) R(SF) ves the elfective fertile
plutoaium mass. The plots are used ite-atively
to coavergence.

g 2Y9%Pu-aff « g Pu o (0.738 @ f314 « 339
¢ 0.502 o 240 * 1.167 o f,4,
¢ 0.407 o [,

+ 0.529 ® £341 am) - (1)

wvhore the ( quantities are the knuwn i1sotope
weight (f.actions. (For low-burnup plutonium,
3aly an apprnuimate knowledqge of thes~ 1.0topic
fraccions is required hecauge of the dJdaminauce
se 339y, althoigh "he effact of var.able and
unknov~ amounts of americium at the few pe:r-ent
iavel 1y ~lear.; The plutunium mass s used *)
s0lve for 're effective ferti'e masy,!

G 4400y eff 2 g Puw (2.54 9 ()40 « f,40
1.80 2 242! . [N
This 18 uned tu Hdtain R(SF) Cfrom *the Jiaph

the ief* si1de of rFig. (., The RISF) tequl*
ined ro apdarte R(IY¥) as followse:

ReIFY - R LMY
Then RCIFY e Aividad hy T v abtain e
APPI IR IMmAr LN ) LERE A and e .



q 133py_ett, Convergence at the 1% level oc-
curs after about five iterations. Note that
2q. (3) is valid when a is very large.

I1I. PACKAGING AND MATRIX CONSIDERATIONS

The simple formalism described above can
be applied when the a,n rates are very high and
when the package dimensions remain fixed., How-
ever, if the shape of the bulk package changes,
or if matrizx material is removed (or added) to
concentracte (or dilute) the plutonium, the mul-
ciplication changes., and R(IF)/T will chanqe
for & given fissile mass.

The MSE salts, as well as other pyrochemi-
cal residues generated at Los Alamos, are stored
ion four different can sizes. Furthermore., the
bulk masses typically vary from 1 to 3} kg, al-
though the plutonium mass rarely exceeas 200 g.
Because of high radiation dose rates, the spent
salts are broken out from the crucibles with
minimal handling. The containers of spent salt
held chuaks ranging in size from small graias
tyv large (-10-cm) irregularly shaped pieces.
Also packed with the salt (more often than not)
are the broken pieces of magnesium oxide cruci-
ble. Finally, residues shipped to Los Alamos
from other sites arrive in their own character-
istic containers and display other packaqging
and matrix dissimilarities relative to the Loa
Alamos -generated residues.

IV. SIMPLE MODEL OF PACKAGING AMD MATRIX
RPrECTS

The calibration for the SI assay coasists
of two functioas described graphically ia Fig.
1. The quaatity R(IF)/T for a given 9%y -ert
mass will diffe. from the result determined with
the standards if the bulkx material is in a d.f-
ferent -sise package from that of the standards
and/or if the volume of matrix in the bulk mate-
rial diffecs from that of the standards. It ie
desirable ro be able to correct the calibration
based on the obssrved bulk properties so that &
single calibration (obrtained fiom ons set of
standards), appropriately corcrected, can be
18ed for all peckage dimensions and matrinx
quantities.

A macroscopic expression 1i1s Jderived for
this purpose, For buik fissile material. rhe
fraction of neutrons p-oduced within rhe bulk
mass that induce fission i1n a4 single -oliision
18

epe
Tn, P
14 1 ¢
!
L ¢ o ey . (4)
n,f
where J, ¢ 18 *he microscopiy rross section for

1nduced fission, p is the fiss.le atm lansity.

and x is the neutron path length. The average
chord length through an object of arbitrary
snapaB is

2 -4 0vsa , (3)

where v and a are the volume and surface area,
respectively, »f the object. For a cylindri-
cally shaped object. § can be exprescsed as

§ :2ener/(r+n . (6)

whare r and h are the radius and height, respec-
tively, of the cylinder. The fissile atom den-
sity for a cylindrical package is

pxMg ¢ Ny/Ah o wo 2 on | (7)

where Mg is the fissile mass, and N, and A are
Avogadro's number and the atomic mass (239 for
low-burnup plutonium), respectively. Assume
that x (s proportional to i, Substituting
Eqs. (6) and (7) into Eg. (4) (where § replaces
X) gives the fraction of neutrons produced with-
in & cylindrical bulk mass that induce fission
in a single collision:

flcl.on't.ﬂf.ﬂo/l.'.rir0h)

= (& 0 0, p ® Mg ® Ny/A @ w) @ gy |, (B)
where
gr = [r(r « M)} 1 8a)

is the gqeometry factor.

For *two cylindrical bulk iteme, . snd .
with the same Mg but different r and h 'because
of different rcontainers and/or marrix quanr:
ties}), ¢the vatio of the induced-fission proba
bilities s

froa70r, 2 » 91.1°91.2

: Cr . N

The quantity 'F 18 a correction factot basved

bulk geometries that 1s applied to a.ihivr .0
func”ion | (obtained with standards 1n on' vn

- | that wvete mined with matrim r) (1] "eigh

1) to Jive calibration function 2 (corrmgp mdy g
to A different container diamerer and ot nar ¢
amaunt .



v. STANDARDS MEASUREMENTS

Two se-s of standards were prepared for use
in the calibratior and evaluation of the SI as-
say. Because the special auclear material (SNM)
used for these standards was a receant product of
scrap vecovery, the americium leveis were low.
The high a.an rate requirement was achieved with
PuF¢, and in some cases, the standards contaiged
PuO; admixtures. The major components of the
standards were KCl and NaCl salts in equal molar
amounts, typical of many pyrochemical salt resi-
dues including most MSE salts gensrated at Los
Alamos. All SNM used for the standards as well
as all process materials reported herein con-
sisted of low-burnup (68 240py) plutonium,
Therefore the calibration data and subsequent
assdy resultg are presented here vs total pluto-
niur rnass, which is directly proportional to
total (fissile mass with a negligible error
(<0.5%, 10).

The “original” standards,? 1-8. consisted
of weighed amounts of Pufy and, in four cases.
Pury and Pu0; (to vary the magnitude of the a,n
coatribution to the totals rate) mized with 300
g MgCl,; (the MSE oxidizing agent) aad enough KCl
and NaCl to achieve a total mass of 1000 g.
Standards l-4 contained no PuQz. The percest
plutonium contributed by the FuO to the totai
plutonium mass in standards 5-8 was 18, 24, 62,
and S1, respectively. The sali matrix mass is
low compared with typical bulk salt masses ob-
served for spent MSE salts (22000 g). The orig-
inal standards were packaged ian No. 10 slip-1lid
stainless steel cans (pictured ia Pig. 2). The
average catio of the stoichiometric plutonium
masses of the orijical Jtandards to segmentasd
gamma scan assays (precise to 2.5%, 10) per-
formed oun chese standards was 1.03 « 0.01 (10).

4 Dwee
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Fig. 2. UDrawings «f rhe containers utsed in the

standards study o0 packaging and matrix effects.
The yntarnor dimensions are given. The approx-
imate f1ll heights for the standards, before and
After dijation (L), are whown,

The original standards were neutron counted in
the HLNC-II.

Because the original standards had bean
shipped to another site temporarily, after com-
pletion of measurements with the HLNC-II (and
before the TNC upgrade), a second set of stan-
dards was prepared to provide additional cali-
bration data for the HLNC-II and for the upgrad-
ed TNC and also for use in a study of packaging
apd matrix effects. The "new" standards, 9-14,
contained only Pufg KCl, apd NaCl, and were
packaged initially in the saine Mo. 10 cans used
for the original standards. The masses of the
salt matrix wore chosen to achieve a total mass
of 1000 g initially. The Pufy used for the new
standards was rvecently prepared by hydrofluori-
nation of PuQz. The batch was mixed and three
samples weres taken for destructive analysis bde-
fore the Pufy was weighed out for the standards.
The sampling and weighing were carried out on
the same dav in a dry air atmosphere. Table [
gives the plutonium masses for the standards
computed from stoichiometiic weight (fractions
applied to the weighed quantities of PuFy as
well as those obtained using the weight frac-
tions from destructive analysis. The agreement
is excellent. (Refer to Table I.) For addi-
tional verification of thy reference values,
calorimetry and qamma ilotoplcllo measurements
were performed on the individuasl bulk staadards.
Agreement with the reference values to -0.5\
{the approximate uncertainty in the nondestruc-
tivo assay resu.:) is observed in all brt one
comparison, &s shown in Table I. Also, the nou-
destructive assay reosult for standard 9 (for
which there ls no estructive analysis reference
value) confirms the original result obtajned by
weighing and stoichiometry. The new standards
were measured ian both the HLNC-II and the TNC,
but only tha HLNC results are reported here.

The original and the new standards were
neutrorn counted ln ths No. 10 containers. The
new standards were transferred Uirst to No. 20
and then to “"call” containers (Refer to Fig. 2.)
and recounted. Finally, the new standards wvere
diluted with an addjtional 1000 ¢ of NaCl and
counted in the tall and No. 20 cans again,

Using the reference valums (for plutonium
mass and the plutonium {sotopics results from
rhe gamma spectrometry measurements, the R(SF)
values are computed for each standard using
Eq. (2) and

R(SK) » 18.14 o g 240p, qf¢ (1)

wvhere the constgat, 18.14, is Dased Hr ‘he
knovledge” of the HLNC II coincidence -‘ount
rate tor 440py gpontanecus Cission. The R(IF)
is obtained from Eq. ()), and RUIF)/T s plor
ted /8 Jrams of plutonium for all of *he HIN" [}
standards measurements in Fig. V.



TABLE !

PuF( STANDARDS

qrame of piutonium. The stolichiometric result 18 7.7%40 ¢ Pu per gram Puly.
bReference vaiues obtained from coatrolled poteatial coulometry performed on

three semples "axen from the PuFy batch ised "o prepare the standsrds.

The

“oulomecry rsaule 3f 0.7307 g Pu.q Pufy (10 « 0.0008 q Pusqg Puly) 1s applied
ro “he PuPy veights to g.ve qrams of plutonium.
“Equilibrium :alorimetry messurevants of -he
individya. duik standards.
Apluconium jamma-ray Lsoropics
~gasurements ¢ *ne

®Standard

18 actualiy standard |,

using MUDPLLZ)

whicn was

study with *he new standards (10 14).

)
he

‘omb.ned 1esul’s -

v ave Jrard
individual DBullk svandards.

included

and

i platoniam,

1A the subssquent

Grams Plutoniunm (lo)
sta weight® Reterence® | cAL.rsod i—%:—g—-'.‘:‘; (10) %ﬁ—:g—; (10)
1 25
H 79
] 129
[} 200
9 50
(] 79
—
7 100
(] 1350
o 2%.0 (0.2) 33.1 (0.1)
10 49.8 (0.2) 9.6 49.7 (0.2) 1.000 (0,004) 1.002 (0.004)
11 99.3 (0.2) 99.2 102.0 (0.6) 1.001 (0.002) 1.030 (0.004)
12 149.0 (0.32) 149.0 149.0 (0.6) 1.000 (0.002) 1.009 (0.00¢)
11 198.8 (0.2) 198.8 199.0 (03.7) 1.000 (0.001) 1.006 (0.004)
14 197.8 (0.1 197.9 97.1 (1.1} 1.000 (0.001) 0.998 (0.004)
Average 1.000 1.008
Standard Deviation ¢.101 0.012
49toichiomatry for pure Pufy) sppiied t- the weighed amountn of Pulq to qive
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Fig. 3. The R(IF)/T results vs plutonium mass

in the PuFfy standards. The fit to the old stan-
dards data neavy %0lid line) is the calibratiou
function used to assay the process materials.
The fit to the new upndiluted standards data
(thin solid line) is corrected with the simple
model for the dilution effect to give the dashed
line. The ftit to the new diluted standards data
is the dotted line.

The radiuws and fill height (r aod h, re-
spectively) of each new standard in each of the
five package/macrix configurations are givea in
Table II. These aimensions Are uged to compute
Cr (Eq. (9)] with the gy velues defined :y Eq.
(8a). The CF value ia this case is the predict-
@d ratio of R(IF)/T values for a fized fissile
mass la two different packages, one of which is
the undiluted standard in the No. 10 can. The
predicted ratios are 73Jiven in Table [II. The
uacertainties in the predictod ratios are ob-
cained from the uncertainties in the r and b
values, as defined in Tahle [I.

Table IIl also gives the measured CF value,
the moasured ratio of R(IF).T for the standard
in the No. 10 csn to that in each of "he other
package/matrim coafigurarions. The uncertainty
in the measured ratioc 18 obtasined from the stan-
deard devistion in the mean resuit of measure-
ments of each package pecformed on dif ‘erent
deys.

The predicted and osbserved values of Cf
are near unity for the undiliuted standards. Al
though there may be small sys‘eratic differences
betwveen the observed and -alculated resul®s for
4 given package. rthey are not |arqQe enough rela-
tive ro the individual messurement uncertaintieg
to help in drawing conc.usions about the urelful

ness of rthe model, [t 1% enccuraging tn note
rhat a simple chanQe in ~ontainer f>rr "he uama
material .us®es a4 -hange (predi-red and b

served) 1n the assay signa. »f %%,

The predicted CF values for the dilured
standards are larae (1.70 and i.54 for the *-all-
D and 20-D packa ,es, respectively) and constant
within uncertairties for the two D-package
types. The observed results are not as large
and show significant variation as a function of
the plutonium mass. The plotted results in
Fig. 3 illustrate the trends. The data points
are the values of R(IF)/T vs plutonium mass.
The lines through the dJdata are fits. All daca
for the undiluted new standards were used "o obD-
tain a single fict. The R{IF)/T values from tn:s
fit were divided by 1.70 (the pred.cted CF ra-
sult for the tall-D standards) and this result
is plotted as the dashed line. The observed re-
sults for the tall-D standards are also plotted
with a straight-line (fit (dotted) to these
points.

The model appears to improve as the pluto-
nium mass decreas+s. The increasing gap ob-
cervad (in Fig. 3) between the predicted
(dashed) and observed (dotted) CF values as plu-
toniwm mass increases is probably largely the
result of plutonium self-shielding effects,
which are aot iacluded in the model. The self-
shielding is greatest for the large-plutonium-
mass standrrds in the undiluted matrix. For
these standards, the observed dilution effect
is partially compengated for by a decrease in
self-shielding. Unfortunately, the large varia-
ticns in matrisx amounts achieved by dilution of
the standards are roalistic for actual pyrochem-
ical regidues. To properly quantify -he com-
bined effects of package sise plus matriz quan-
tity as well as self-shielding and other system-
atic effects that may result from the changes
in matris quantity and geometry. & microscopic
calculation such as a Monte Carlo simulation s
recommended.

The data plotted in Fig. ] show larqe vari-
atioas in the observed signal for a Ji'en <on-
tainer as the amount of matrix changes. [n rhe
absence of a model to correct the calibration
for matrix quantity, a calibration is determined
from the data for the original standards. This
is applied tu the neutron counting results »b
tained with the process materiais. The ca.ihry
tion equarion (an exponentiali fit *o *he + dara
in Fig. 1) for low-burnup plutonium ;s

q Pu « 149 755 o [R(IF)/T|L. 3700 BER

Equattion (11) correspoads t> *he (inve:;e
of the) right nailt of Fig. 1l in "he Jraphi - !
scription of the 5! assay methodology. The L(ut*
nalf 2f Fig. | is represented dy L. (10),

The Jdata for tle originai standards  inw
"ivature at higher masses that <nuld he 'he
it of self shielding for this higher 5SNM e
41ty aif iation, The SNM density fur *he rig.
nal stanjarAds is higher *hap might be axpe =



TABLE II

DIMENSIONS OF Puf, STANDARDS USED IN PACKAGING SI.

Dimension® (com;

No. 10 Mo. 20 Tall Tall-D No. 20-D

1. ¢ h r h r h r h 4 h

9| 5.7 9.11 | 6.07 6.67 5.29 &8.20 5,49 18.26 | §.07 1.0

10 5.17 9.16 | 8.07 6.99 3.39 4.89 .29 13,97 8.07 13.97

11| 5.17 8.73 | s.07 6.47 $.29 8.4l 3.29 18.41 | 6.07 13.81

12 5.17 8.71 8.07 6.3% %.29 8.10 $.29 18.41 | 8.07 11.68

11 5.17 8.41 6.07 5.56 3.29 .78 9.29 16.99 | 6.07 12.08

14 | 5.17 7.70 | 8.07 5.40 5.29 6.0) 3.29 15.07 | 6.07 11.7%

e uacertainty 11@) ia the B value, determined from the scatter about a
straight-lise fit to qrame Pu v h, is 0.23 cm. The uacertainty la r {s
assumed to be half thie amoumt.

TABLE III

RELATIVE INDUCED FISSION PROBABILITIES

qpiNo. 10)/qy
Predicted [lo) Cheerved (lo)

No. 10 Ho. 10 Tall Tall-D No. 10-D
9 1.0 1.00 1.0% 0.90 0.97 1.06 1.69 1.60 1.60 1.41
! [0.04]) [0.1)) [0.04) (0.1)) [0.07] (0.18) | [0.08) [0.112)
; 1o | 1.00 1.00 i.0% 0.96 1.00 1.08 1.60 1.49 1.02 1.19
| ) (0.04) {o.09) (0.04) [0.04) (0.07) [0.07) [0.08) ({0.0))
{ 11 ' 1.00 1.n0 1.07 2.91 1.01 1.04 1.74 1.12 1.60 .1
{ l {0.04]) [0.09) [0.04] [0.0)) (0.07) (0.03) | (0.08) ([0.08)
l I
12 ; 1.0 1.00 1.0% 0.9 0.99 0.9¢ 1.74 1.1 1.07 1.20
) [0.09) (0.04) {0.06) [0.04]) lo.07] (0.02]) | (0.n8] (0.92)
' 13 1.10 1.00 1.01 0.99 0.99 7.9 1.00 1.18 1.04 1.20
. [0.04! {n.02) to.0a) [).02) [0.07) (0.02) | (0.08) (0.01}
: ©1.90 1.20 1.04 1.1 n.98 1.0¢ 1.87 1.18 1.62 1.2
, " {0.na) (n.01] ; [n.04] 10.92) 0.97) (0.02]) to.08} 1o0.01) |
— J. S 3
+— + Ay—f t 1
Av it 1.20 l 1.0% V.98 D.9e I 1.70 1.41 1.04 1.2% 5
Std Dev o .30 | 0.0} .04 ¢ )M 0.4 0.01 0.11 0.0} .10 |




for most process residues, so that a calibration
based on these data is expected to underestimate
the plutonium mass of the process materials ex-
cept for those with lower matrix quantities.

VI. MEASUREMENTS OF PROCESS RESIDUES

The neutron SI method is one of several new
apprnaches that offers some promise for assay of
plutonium in MSE salcs. A study to evaluate
these new approachcsll has provided plutonium
reference values for the residues that were ob-
tained by analysis of solution samples from the
dissolutica of the MSE salts (following the bulk
assays paerfoimed by each of the candidate meth-
ods). Americium analyses were also performed
on the dissolved samples. Fourteen MSE salts
were involved ian the study. To date, four of
these have been dissolved to give reference val-
uss., However, an additional five MSE salts (not
included in the larger study) were dissolved in
an effort to test the dissolution and subsequent

analysis procedures, and plutonium and americium
reference values were obtained for these five.
The TNC and the HLNC-II were used to count all
of the bulk items before dissolution.

The SI method, colibrated with the data ob-
tained from the original standards counted in
the HLNC-II, produced the plutonium assay re-
sults given ia Table IV. The SI assay results
vary with tno 240p,; yalue because a change in
240py_eft alters the R(SF) value computed and
used in each iteration [inm Egs. (1C) and (3),
respectivelv]. The ratios of the SI result to
three different tag values (destructive (DA)
and nondestructive (NDA) analysis as well as
values obt:ained by difference] are also given in
Table IV for each dissolved salt, and these ra-
tios are plotted inm Fig. 4 vs plutonium r.ass.
The neasured precision of the SI assay for these
materials is 2% (10). The standard deviation in
the ratios (with DA and NDA tag values) is 10%,
most of which can be attributed to the SI assay.

TaBlr v

ASSAY RESULTS rOR DISSOLVED MSE SALTS

SI Assay Result., g Py TAG
(240pu {gotope FPraction) (SIR/TAG)
800k SRPAUTD DA c c
[D {Isotopics |lsotopics [Isotopics Av (lo) DA NDA BY.DIFF
120 93.) 4.6 3).) 3.7 (0.8%) 111.6 106 N/A
(0,0%92) (0.0%79) (0.053)) (0.84) (0.88)
287 109.2 116.9 110, 112.3 (1.%w) 135.9 121 195
(0.0%96) | (0.0%)2) (0.0%9%) (0.89) (0.91) (0.3
10 96.8 101." .1 98.9 (21.8%) 99.0 9 108
(0.0%98) (0.09%0) (0.08%4)) (0.99) (1.03) (0.9
100 1.1 196.8 198.9 .9 (1.1%) 190.7 188 N/A
(0.0%97) | (0.06814) (0.0608) (1.90) (1.07)
18) igl1.9 H/A 104.1 103.0 {1.%%) 102.4 109.8 106
(0.0889) | (3.0818%) (1,92 (2,79 i0.98)
!
164 w1 N/A 87.13 89.0 (1.7%) 108.0 103. ¢ 123
10.0987) ! (0.2%82) (3.01) (0.,8%) 13.71)
186 "L 9 N/A 209.) 100.8 (S.3N) | 286.0 28%.0 140
(0.0487) (0.3%47) (o9 (R3] (2.97)
184 104.1 T 110.) 107.2 (4.1%) 119.9 121.) 110
(2.9823) ! (0,981 (0.9 (0.91) (1.00)
!
188 %) ! N/A 8.0 8.7 (0.%8) 9.7 1.9 128
Al 10,3632 i (0.0626) (1.0m ) (0.7%)
N 1

“The S! assay result serained wieh nhe 240Pu igotopic traction determined by

fef.ructive analyeis wes ised here.
b
inhomnqenscus and high in moncmn."
“See fet.
1AMDI@9 O give "hese *ag values.

TS - TaY 180topice deeiqued for plutonsum in (Oorms rhat are cherically

Ll for a descriprion of the 0A and NDA merhods used oo the dissol.er
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fig. 4. The ratio of the SI assay result to the tag value vs

plutonium mass (determined by destructive analysis of the dis-

solution samples!

Although 10N is a significant improvement in the
S0N result with by-difference tag values, fur-
ther improvements are desirable for accouatabil-
ity assays.

The dissolution results indicated americium
levels of 1% to 3N (relative to plutonium) in
the low-burnup MSE salts. This is consistent
with expectations based on gamma spectroscopy
measurements of bulk salts of tuhis type. Be-
cause the 2% = 1% americium content i{g a fissile

component, the uncertaianty introduces an addi-
tional (£0.5\, 10) uncertainty in the effective
figsile conteat, g ¢I9Pu-eff (Refer to Eq.

(1).), and hence in the SI assay result.

VII. DISCUSSION Or RESULTS
The 10% standard deviation in the SI/TAG
ratios (where the tag values are the reference

values) for the MSE salts is partly a reault of
variations in %he Qquantity of salt matrix {(aad
other non-SNM components of the residue such as
crucible pieces) in the bulk material within the
containers. All bulk MSE salts were assayed in
No. 20 cans. Therefore, a correlation between
SI/TAG and the container fill height (or perhaps
the bulk mass) is expected.

Figqure 5 is a plot (large points) of the
SI/DA ratios vs bulk amounts (masses aad fi!l
heights) of the four MSE salts (those involved

in the larger study)
were determined before dissolution.

for which these quantities
It the as-

say is unbiased, rthe expected ratio is unity.
The ratio shows a decrease vs either mass or
£ill height, the expected trend for the matrix
"dilution" effect examined previously. To de-

termine whether the cbserved slope is consist-
ent with the magnitude of the dilution effect,
the results of the measurements of the new stan-

for the dissolved bulk MSE salts.

dards (from the matrix and packaging study) are
also plotted in Fig, 5 (small points). These
are ratios of the SI assay results tor the new
standards. The denominator in each case is the
SI assay for the (undiluted) standard in the
No. 10 can because this geometry matches that
of the calibra.ioan standards and should be im-
mune to the systematic effects of packaging and
dilution. The numerator is the SI assay for
the repackaged standard (No. 20 and tall cans),
undiluted and diluted. The ratios are plotted
ve the fill heights of the repackaged standards
qiven in Table II. Tha results for e.ch pack-
age show a systematic trend vs standard mass
idefined by the smooth curve that connects the
points for each package, where “he larger fill
heights correspond to lower plutonium masses).
but the owverall trend vs fill height resembles
that for the MSE salts. The average plutonmium
mass for the four MSE salts is 137 gq. The
straight lins lapeled BCF (bulk correction fac-
tor) is drawn to intersect tue smooth rurves
Table [V and Fig. 4 between the points for the
100- and 150-g standards. This line is the em-
pirical evaluation of the dilution effect based
on the results of the packaging and matrix study
with the standards. Correcting the SI assay re-
sults with the BCF (as indicated in the lower
left of Fig. 5) reducer the standa d deviation
in SI/DA by a factor of 2 or more. This large
improvement provides justification for a contin-
uation of the modeling effort that will generate
o calculated correcticn to the R(IF)/T assay
signal based on the observed bulk properties,

Table V gives the neutron counting results
for the nine MSE salts for which refsrence val-
ues have been determined. These ate used with
nuclear data for spontaneous-fission decay (the
average neutron multiplicities for 240p, sponta-
neous firsion and 239pu induced tission of 2,14
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Fig. 5. The large data points plot the ratio of the SI assay result to

the DA value vs fill height of the No. 20 container (lower horizontal

axis) or vs bulk mags (upper horizontal axis).

The small daca points

plot the ratio of tha SI assay result of each new, repackaged standard to
the SI assay of the same standard in the No. 10 can vs fill height for

the repackaged standard.

and 3,16, respectively, and the 240py sponta..
neous-fissicn decay rate of 472 s~1 g~1) and
with known HLNC-II counting efficiencies [0.175
for totals and 18,14 s~} (g 240p, _qf¢)-1 for
reals] to compute Tpay, the ratio of uncorre-
lated to <correlsate? neutrons. The simple SI
method requires this ratio to be large. For
most MSE salcs, it exceeds 20. For some (espe-
cially for ID 300), it is much smaller, and this
loads to & significant fraction of fissions that
are induced py correlated aneutrons. These high-
er multiplicity induced-figsion events cause a
positive bias in the simple SI assay. For the
ID 300 MSE salt where Tppay is -5 (because this
salt is the residue of a gecond americium ex-
traction of impure metal), the expected bias is
~14% relative to the Puf, standards (for which
TapT varies between 40 and 80). When Tg,p is
20, the expected bias drops to -~28. Because
this effect can be quantified once Tgap is
known, it is proposed that the simple SI assay
be modified to correct the assay signal in an
iterative manner in the cases of douktle-excrac-
tion (or other low-americium) spent MSE salts,
This effort will be pursued,

VIII. SUMMARY

The simple neurron self-interrogation assay
methodology has been applied to spent salts from
americium molten salt extraction, For assay re-
sults precise to -2%, lo, the observed accuracy
is ~10%, 10, The accuracy is shown to improve
to 5% or Dbetter with correcticons for variable
amounts of {non-SNM) matrix. Other effects rhat
are 3hown Lo contribute to the assay uncerrainty
are the uncertainty in the <%0Py j{sotopic con-
tent (contributing ~2.5%. lo), the uncertainty
in the amount of (fissile) americium (contribut-
ing ~0.5%, logj, systematic mass effects observed
in the results of the matrix/packaging study
(contributing -3%, 1log), and syscematic effects
resulting from departures from the <imple SI as-
sumption of neqligible induced fission by :orre
lated neutrons, The ‘'atter effect can be ad-
dressed with a correcticn applied to a second
iteration of the simple SI assay. The buik ma-
trix correction can also De incorporared within
esach S1 assay based on the known bulk mass >r
fill height of rhe parkage. Monte Tarlo al‘u
lations of the packaging/matrix effects are :a
commended. The accuracy of the correcred isiay
result should be -5% or better.
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